Tracing the evolution of open access databases, the article posits models for reconciling open access and benefit sharing; the article concludes, however, that none of the proposed solutions -monitoring and tracing, the contract model, and the copyright and database right model -provides a perfect solution. Each model does, however, suggest that open access to these sequences might be at least partially reconciled with benefit sharing.
INTRODUCTION
Science in recent centuries has been founded on the open (and open access) 1 publication of scientific concepts and the data and information 2 as evidence that supports an understanding of those concepts. 3 This open publication has been important both to verify and confirm the concepts and to build on and develop them further "by standing on the shoulder of giants". 4 In modern neoliberal times this sequential building is best conceived as a market: [T] he coordinating functions of the market are but a special case of coordination by mutual adjustment. In the case of science, adjustment takes place by taking note of the published results of other scientists; while in the case of the market, mutual adjustment is mediated by a system of prices broadcasting current exchange relations, which make supply meet demand. 5 Within this market, however, there are competing claims for open access (through sharing, collaborating and disseminating through publication) and contrary claims for maintaining secrecy in order to protect possible commercial activities and possible intellectual property claims. 6 The evolution of open access to DNA, RNA and amino acid sequence data and information (generally through internet-accessible databases setting out DNA, RNA and amino acid sequences) provides an interesting insight into this balancing of open access against maintaining secrecy and other restrictions. The concern of this article is the development of an international regulatory framework to enable (or facilitate) access to genetic resources (comprising DNA, RNA, amino acids and other functional units of heredity) 7 and benefit sharing from using those resources (termed access and benefit sharing or ABS), 8 and the challenge posed by open access DNA, RNA and amino acid sequence data and information to the operation of these ABS arrangements. In short, this is a conflict between two regulatory models: open access that allows the benefits to dissipate into a broader public; and ABS that captures some of those benefits for a narrow and defined public.
The generalised international ABS regulatory scheme covering all genetic resources (except human genetic resources) 9 is set out under the United Nations' Convention on Biological Diversity (CBD) 10 7 See Convention on Biological Diversity [1993] ATS 32, Art 2 (CBD) defines "genetic resources" as "genetic material of actual or potential value" and "genetic materials" as "any material of plant, animal, microbial or other origin containing functional units of heredity". In the context of the CBD and the other conservation agreements, the subject of "genetic resources" is probably better characterised as broadly anything that comprises all living and fossil organism material unless it is expressly excluded, and will include biochemicals, excludes ex-situ holdings acquired before 29 December 1993, human genetic materials, and marine living (genetic and biochemical) resources beyond national jurisdiction: see Conference of the Parties to the Convention on Biological Diversity, Access to Genetic Resources and Benefit-sharing: Legislation, Administrative and Policy Information, UNEP/CBD/COP/2/13 (1995) [49] - [65] . 8 For an overview of these schemes, see C Lawson, Regulating Genetic Resources: Access and Benefit-sharing in International Law (Edward Elgar, 2012) . 9 of the Sea Convention, 14 and for various classes of organisms like microorganisms, livestock and forestry, although these are in the very early stages of negotiation. 15 The founding principle of each of these regulatory forms is recognition that nation states have sovereignty over the genetic resources within their jurisdictions and authority to determine the terms and conditions for accessing their genetic resources. 16 Each of the existing schemes then enables (or facilitates) access to genetic resources in exchange for benefit sharing, either through an individually negotiated contract between a resource holder and bioprospector under the CBD and Nagoya Protocol, 17 or as a Standard Material Transfer Agreement (SMTA) with fixed terms and conditions under the Plant Treaty 18 and PIP Framework. 19 In addition to the SMTA, the PIP Framework also provides for an annual contribution from influenza vaccine, diagnostic and pharmaceutical manufacturers using the framework according to a formula determined by the WHO. 20 Notably, national laws implementing these schemes are either still to be implemented 21 or only cover some genetic resources within a jurisdiction. So, for example, in Australia the Commonwealth scheme only applies to genetic resources collected in "Commonwealth areas", 22 The Plant Genetic Resources for Food and Agriculture specified in Annex 1 to this Agreement (hereinafter referred to as the "Material") … are hereby transferred from the Provider to the Recipient subject to the terms and conditions set out in this Agreement. 25 Open access DNA, RNA and amino acid sequence data and information disrupt this exchange by making the sequence data and information available to the broader public without the binding terms and conditions of the contract. This also disrupts the benefit-sharing obligations because the benefit sharing is structured around the "materials" and not the data and information about those "materials".
In short, open access is shifting the focus from the raw materials to the non-material values of these genetic resources -the "dematerialisation" of the use of genetic resources, being "the increasing trend for the information and knowledge content of genetic material to be extracted, processed and exchanged in its own right, detached from the physical exchange of the … genetic material". 26 As such, open access to DNA, RNA and amino acid sequences can undermine the ABS schemes set out in the CBD and Nagoya Protocol, Plant Treaty and PIP Framework.
This article traces the evolution of open access to DNA, RNA and amino acid sequences, showing that open access has been effectively achieved for many such sequences. However, some important limitations to open access exist, which, if addressed, could form the basis for resolving the apparent conflict between open access and fair and equitable benefit sharing. The article first discusses the early evolution of DNA sequence databases and the circumstances leading to the development of the GenBank sequence database at the National Center for Biotechnology Information (NCBI) in the United States, the EMBL-EBI database at the European Molecular Biology Laboratory's (EMBL) European Bioinformatics Institute (EBI) in Europe and the DNA Data Bank of Japan (DDBJ) in Japan. This analysis highlights the key decisions made about open access when these databases were conceived and the limitations that were imposed subsequently on those using the databases and their data and information. Next, the article looks at the Human Genome Project and the important influence this project had on promoting open access to DNA sequences. It also considers other recent developments, including the development of guidelines, aimed at addressing concerns such as personal privacy, while promoting broad disclosure and dissemination. The article then reviews the data and information obligations under the CBD and its Nagoya Protocol, the Plant Treaty and the PIP Framework. It concludes with a consideration about how open access to DNA, RNA and amino acid sequences might be reconciled with the benefit-sharing obligations under the CBD and Nagoya Protocol, Plant Treaty and PIP Framework.
DNA, RNA AND AMINO ACID SEQUENCE DATABASES
The first systematic collection and assembly of amino acid sequences as a computerised collection of data was made publicly available through the printed Atlas of Protein Sequence and Structure by Margaret Dayhoff and others at the National Biomedical Research Foundation in 1965. 27 These atlases were widely distributed and readers were asked to contribute unpublished sequences in exchange for a free copy of a future atlas. 28 The editors made it clear they would not deal with questions of "history and priority" and asserted copyright limiting the republishing and redistribution of the materials. 29 From 1972, the database was made available on computer-readable magnetic tapes, and again subject to copyright claims and limited republishing. 30 The assertions of copyright, the delays in releasing computer readable magnetic tapes and the financial charges "put [the] project on the side of commercial ventures rather than publicly available resources". 31 Open Access DNA, RNA and Amino Acid Sequences (2016) 24 JLM 96 database was made available for "free", 32 although this was later changed to a subscription 33 subject to obtaining a password that involved signing an agreement not to redistribute the data. 34 The notice on accessing the database provided:
Welcome to the NAS [Nucleic Acid Sequence] Reference Data System. You are licensed to use this data for your own research. As a licensee, you are legally obliged not to redistribute the data or otherwise make it available to any other party. 35 By the late 1970s, however, it was apparent that DNA, RNA and amino acid sequence databases were central to the exploding molecular biology enterprise and that data organisation and analysis were limiting the progress of molecular biology. 36 The eventual outcome was the development of three independent databases of sequences in the United States (GenBank), Europe (EMBL-EBI), and Japan (DDBJ). Dayhoff's restricted database was sidelined by these developments and open access was established as the norm for DNA, RNA and amino acid sequences.
GenBank traces its origins to a workshop at Rockefeller University in 1979 to support a nucleic acid database and the development of appropriate analyses tools. 37 The concerns about establishing a centralised database were on the "moral tensions between different conceptions of credit attribution, data access, and knowledge ownership". 38 The result and outcome of the workshop, however, was only the recognition that there should be "a single computerised and non-proprietary database". 39 Another similar workshop followed in 1980 and recommended establishing at the National Institutes of Health (NIH) a nucleic acid sequence data bank that was computer-based and in "the public domain". 40 By late 1980, an ad hoc advisory committee met to draft the National Institute of General Medical Science (NIGMS) guidelines for a database, and in late 1981, proposals were publicly requested by the NIH that elicited three submissions: a Los Alamos and Bolt, Beranek and Newman Inc proposal (the BBN proposal); a Los Alamos and IntelliGenetics proposal (the IntelliGenetics proposal); and a proposal from Dayhoff at the National Biomedical Research Foundation (the Dayhoff proposal). 41 The BBN proposal and Dayhoff proposal were shortlisted, 42 and on 30 June 1982, the BBN proposal, later called "GenBank", was announced as the successful project. 43 The content of these proposals highlighted the different ideas about limiting access to the database data and ultimately the choice in favour of open access. It was perhaps also significant that the BBN proposal "did not assert any proprietary interest whatsoever in any data" addressing the NIH's concern at the time 44 about future ownership of database information and copyright in the sequence data, 45 and government policy later reflected in the ideal "that, to the maximum extent possible, the products of 32 fundamental research remain unrestricted". 46 It is notable that this followed soon after the United States Supreme Court's decision in Diamond v Chakrabarty that patentable subject matter was very broadly considered and included genetically modified organisms, 47 and the then recently passed Bayh-Dole Act 48 and Stevenson-Wydler Act 49 that promoted the private sector engagement in public sector research and development. On these measures, the NIH was concerned about the Dayhoff proposal's proprietary arrangements that were "not reassuring" when considering a public database. 50 Another significant factor in favour of the BBN proposal was its access to already established computer networks that would make it more accessible than its rival proposal. 51 The result was to choose a database with a model of open access and to expressly reject a model that favoured limiting access and the formal recognition of proprietary arrangements over data. The GenBank database formally started operations in late 1982. 52 In contrast to these developments, the European EMBL-EBI accepted open access without hesitation and from its earliest conception. 53 A short time after the Rockefeller University meeting in 1979 initiating the GenBank developments, a meeting under EMBL sponsorship in Schönau Germany titled "EMBL Workshop on Computing and DNA Sequences" was convened. 54 The outcomes of this meeting were very clear -there should be a centralised and computerised sequence database that was freely available. 55 While initially expected to be a co-ordinated effort with those leading the GenBank initiative, the delays and funding uncertainty of GenBank led to the EMBL going ahead with its own bank, the Nucleotide Sequence Data Library, in late 1981/early 1982, some months before GenBank. 56 The EMBL-EBI was established with three primary goals consistent with open access:
•
To make freely available a reliable and comprehensive collection of the published nucleic acid sequence data. •
To encourage standardisation and free exchange of data in the international molecular biology community.
• To serve as a European focus for efforts devoted toward computing and information services in molecular biology. 57
The Japanese DDBJ was established in 1986 following discussions among its molecular biology and biophysics community. 58 The DDBJ was intended as a collaboration with EMBL-EBI and GenBank and, as such, the data within the database was made freely available following the model adopted by EMBL-EBI and GenBank. 59 The DDBJ was essentially a follow-on by the Japanese government to make sure its researchers stayed engaged with the global research community, and so adopted the existing open access standards and arrangements in place for EMBL-EBI and GenBank.
Following the original intention of a co-ordinated effort among researchers, both GenBank and EMBL-EBI agreed to share data. 60 Then, in 1988, GenBank, EMBL-EBI and the DDBJ developed a formal collaboration known as the International Nucleotide Sequence Database Collaboration (INSDC). 61 The collaboration agreed to provide free and unrestricted permanent access to all archived data, including raw data, assembly and alignment information, and functional annotated assembled sequences. 62 Each collaborator would therefore collect direct submissions, use a common format for data elements within a unit record, only update the records submitted to the individual collaborator, and distribute copies of all of the submitted sequences to the other collaborators. 63 Hence each collaborator would have a complete copy of all sequences, including those submitted to the other collaborators. The INSDC policy provides:
has a uniform policy of free and unrestricted access to all of the data records their databases contain. Scientists worldwide can access these records to plan experiments or publish any analysis or critique. Appropriate credit is given by citing the original submission, following the practices of scientists utilizing published scientific literature.
The [INSDC]
will not attach statements to records that restrict access to the data, limit the use of the information in these records, or prohibit certain types of publications based on these records. Specifically, no use restrictions or licensing requirements will be included in any sequence data records, and no restrictions or licensing fees will be placed on the redistribution or use of the database by any party. 3. All database records submitted to the [INSDC] will remain permanently accessible as part of the scientific record. Corrections of errors and update of the records by authors are welcome and erroneous records may be removed from the next database release, but all will remain permanently accessible by accession number. 4. Submitters are advised that the information displayed on the Web sites maintained by the [INSDC] is fully disclosed to the public. It is the responsibility of the submitters to ascertain that they have the right to submit the data. 5. Beyond limited editorial control and some internal integrity checks (for example, proper use of [INSDC] formats and translation of coding regions specified in CDS entries are verified), the quality and accuracy of the record are the responsibility of the submitting author, not of the database. The databases will work with submitters and users of the database to achieve the best quality resource possible. 64 57 G Hamm and G Cameron, "The EMBL Data Library" (1986) 14(1) Nucleic Acids Research 5, 5. The INSDC asserts that this means: "INSDC databases are data hosts and not data owners." 65 The effect of the INSDC policy, however, was that all the data deposited in GenBank, EMBL-EBI and the DDBJ was immediately and freely available and might be used for any purpose. 66 This remained a contentious issue among researchers with some sequence data not being made available to GenBank, EMBL-EBI and the DDBJ as researchers sought to preserve their options to publish. 67 Most of these sequences were eventually released to GenBank without restrictions (and so also EMBL-EBI and the DDBJ). 68 The solution was about credit and not proprietary dealings with the data, and involved finding a balance between encouraging submissions while protecting confidentiality until the researchers doing the sequencing had an opportunity to gain credit (discussed further below).
A key feature of the open access success of GenBank, EMBL-EBI and DDBJ has been the requirement by journals that sequence data be lodged as a condition of publication. 69 Without this obligation, the task of independently finding and recording sequences would have been too difficult. 70 Notably this was an element of the BBN proposal for GenBank and followed the model set by EMBL-EBI. 71 Over time this has been embraced by journals 72 and granting bodies, 73 so that now it is "mainstream dogma" that journals require an INSDC accession number to publish research dealing with sequences. 74 This was perhaps inevitable because lodging sequences with the databases provided a way for journals to avoid "page upon page of their publications with virtually unreadable sequences". 75 Interestingly, however, this "specialised" form of publishing has been framed as "electronic data publishing" that is "designed both to compliment and to support printed publications". 76 This has also allowed GenBank, EMBL-EBI and DDBJ to design a system that required the sequence data be submitted to them in a convenient form (and this has been regularly updated). 77 The result is now "a highly structured, network-based communication channel through which scientists can present their experimental results … alongside the standard journal publication process without being dependant on journals as a source of data". 78 The unresolved problem, recalling that this was a problem at the foundation of GenBank, 79 was finding a way for rapid and timely submission without compromising the sequencers' ability to gain credit and attribution for their work doing the sequencing. 80 This has now been resolved by allowing limited confidentiality according to the following GenBank policy (with a similar policy also at EMBL-EBI and DDBJ): 81 Some authors are concerned that the appearance of their data in GenBank prior to publication will compromise their work. GenBank will, upon request, withhold release of new submissions for a specified period of time. However, if a paper citing the sequence or accession number is published prior to the specified date, your sequence will be released upon publication. In order to prevent the delay in the appearance of published sequence data, we urge authors to inform us of the appearance of the published data. As soon as it is available, please send the full publication data -all authors, title, journal, volume, pages and date -to the following address: update@ncbi.nlm.nih.gov. 82 Another significant limitation on open access has been to implement privacy measures for human sequences. 83 GenBank now applies the policy (with a similar policy also at EMBL-EBI and DDBJ): 84 If you are submitting human sequences to GenBank, do not include any data that could reveal the personal identity of the source. It is our assumption that you have received any necessary informed consent authorizations that your organizations require prior to submitting your sequences. 85 And most importantly, there is a policy limiting the database managers' responsibilities for assessing the ownership and conditions of use. 86 For example, NCBI, which maintains GenBank, provides the following notice to those submitting data to GenBank: NCBI places no restrictions on the use or distribution of the GenBank data. However, some submitters may claim patent, copyright, or other intellectual property rights in all or a portion of the data they have submitted. NCBI is not in a position to assess the validity of such claims, and therefore cannot provide comment or unrestricted permission concerning the use, copying, or distribution of the information contained in GenBank. 87 The NCBI also sets out on the GenBank site:
This site contains resources which incorporate material contributed or licensed by individuals, companies, or organizations that may be protected by US and foreign copyright laws … All persons 81 See EMBL-EBI, Terms of Use for EMBL-EBI Services <http://www.ebi.ac.uk/about/terms-of-use> (providing "All scientific data will be made available by a time and release mechanism consistent with the data type (eg human data where access needs to be reviewed by a Data Access Committee, pre-publication embargoed for a specific time period)"); DDBJ, Principle of "Hold-Until-Published" Data Release <http://www.ddbj.nig.ac.jp/sub/hold_date-e.html> (providing "In principle we release 'Hold-Until-Published' data when one of the following three conditions is met: (1) The submitter requests to release the data.
(2) The accession number has published and it has been confirmed. (3) A specified hold-date has come"). 82 GenBank, How to Submit Data to GenBank (2013) <http://www.ncbi.nlm.nih.gov/genbank/submit>. 83 84 See EMBL-EBI, n 81; DDBJ, Data Submission of Human Subjects Research <http://www.ddbj.nig.ac.jp/sub/human-e.html> (providing "For all data from human subjects researches submitted to DDBJ, it is submitter's responsibility to ensure that the privacy of participant (human subject) is protected in accordance with all applicable laws, regulations and policies of submitter's institute. In principle, make sure to remove any direct personal identifiers of human subjects from your submissions"). 85 GenBank, n 82. 86 87 NCBI, n 86. EMBL-EBI, n 81, similarly provides: "These Terms of Use reflect EMBL-EBI's commitment to OpenScience through its mission to provide freely available online services, databases and software relating to data contributed from life science experiments to the largest possible community. They impose no additional constraints on the use of the contributed data than those provided by the data owner … EMBL-EBI is not liable to you or third parties claiming through you, for any loss or damage … The original data may be subject to rights claimed by third parties, including but not limited to, patent, copyright, other intellectual property rights, biodiversity-related access and benefit-sharing rights. For the specific case of the [European Genome-phenome Archive] database and human data consented for biomedical research, these rights may be formalised in Data Access Agreements. It is the responsibility of users of EMBL-EBI services to ensure that their exploitation of the data does not infringe any of the rights of such third parties." DDBJ similarly provides: "Although DDBJ does not impose any control over the use of any part of the accumulated records, there have not been any copyright transfer from authors of the records upon submission. This is the reason why we, DDBJ, avoid making any definite statement that anybody may freely copy/modify/redistribute any part of the data set". See DDBJ, Copyright and Limitation of Using DDBJ Data <http://www.ddbj.nig.ac.jp/copyright-e.html>. reproducing, redistributing, or making commercial use of this information are expected to adhere to the terms and conditions asserted by the copyright holder. Transmission or reproduction of protected items beyond that allowed by fair use as defined in the copyright laws requires the written permission of the copyright owners. 88 GenBank, EMBL-EBI and DDBJ remain the main databases and they have increased the ranges of data they support. 89 The consequence of the various policies adopted by GenBank, EMBL-EBI and DDBJ has been to effectively limit the early ideal of open access because the data stored and accessible through the database may not be available for use without restrictions; and importantly for users, these restrictions may not be immediately apparent to those accessing the databases. Significantly, the Human Genome Project -probably because of its size and significance as a "big science" project in biology 90 -shaped many of these norms and demonstrated that open access is not necessarily fixed but open to some negotiation.
THE HUMAN GENOME PROJECT
The Human Genome Project sought to list the nucleotide sequence of an entire human genome and was the first "big science" project in biology. 91 The project traces its origins to somewhere around 1985 when planning began. 92 At that stage the entire genomes of the RNA virus bacteriophage MS2, 93 simian virus 40, 94 phage φX174, 95 bacteriophage T7, 96 and lambda phage 97 were already publicly available. These whole genome sequence achievements coincided with the then use of computer databases to both store the sequence information and as a data source for rudimentary ways of analysing that sequence data. 98 Since then sequencing technology has improved dramatically 99 so that now the availability of open access sequence data has become the norm with vast open access databases -the main ones being GenBank, EMBL-EBI and DDBJ, described above. The Human Genome Project's main participants envisioned the project as an open access venture -"free of any legal or commercial constraints": 100
A key issue for the Human Genome Project is how to promote and encourage the rapid sharing of materials and data that are produced, especially information that has not yet been published or may never be published in its entirety. Such sharing is essential for progress toward the goals of the program 88 and to avoid unnecessary duplication. It is also desirable to make the fruits of genome research available to the scientific community as a whole as soon as possible to expedite research in other areas. 101
The only restriction envisioned at the time was that genomic data must be released within six months of being generated, with the delay allowing the sequence producers adequate time to publish about their results. 102 The public and private ownership of sequences in the early stages of the Human Genome Project was, however, controversial because of patent claims to short sequences, 103 and the announcement by the private sector company, Human Genome Sciences Inc, of terms for accessing its proprietary sequence database from its independent sequencing project. 104 The terms of access required providing Human Genome Sciences Inc with "the opportunity to retain control over the commercial application of knowledge derived from the sequences, and in particular the discovery of any genes arising directly from this knowledge". 105 This included options on any patents arising, pre-publication review to determine intellectual property issues, an opportunity to make patent applications, and a first right to negotiate over commercialisation. 106 Other competing public and private entities at the time objected to these stringent conditions and the potential privatisation of sequences. 107 A more pressing problem, at the time, was recognition that the accepted delay of six months before publicly disclosing sequences was too long. 108 The Human Genome Project resolved these concerns by expressly requiring that sequences be disclosed within 24 hours of being generated without restrictions on publications. 109 The available data was publicly released through GenBank (and shared with EMBL-EBI and DDBJ). 110 This implemented the so-called Bermuda Principles in 1996: 111
Primary Genomic Sequence Should be in the Public Domain
It was agreed that all human genomic sequence information, generated by centres funded for large-scale human sequencing, should be freely available and in the public domain in order to encourage research and development and to maximise its benefit to society. 
Primary Genomic Sequence Should be Rapidly Released •
Sequence assemblies should be released as soon as possible; in some centres, assemblies of greater than 1 Kb would be released automatically on a daily basis. • Finished annotated sequence should be submitted immediately to the public databases.
It was agreed that these principles should apply for all human genomic sequence generated by large-scale sequencing centres, funded for the public good, in order to prevent such centres establishing a privileged position in the exploitation and control of human sequence information. 112
These principles were re-endorsed a short time later in 1997, 113 and then updated in 2000 to deal with the concern that those producing the sequence should have an opportunity to publish about their sequence before others. 114 Then, in 2003, the Fort Lauderdale summit announced an accord that agreed to no restrictions on using data, with the request that users "act responsibly to promote the highest standards of respect for the scientific contribution of others". 115 This summit also recommended that these pre-publication release principles apply to other large-scale projects, presumably covering the range of large-scale sequencing projects addressing whole genomes, genome-wide associations studies and so on, and that funding agencies provide ongoing funding for database projects. 116 Similar principles were extended to proteomic data in 2008 117 and other biological data sets in 2009. 118 The issue of how long data releases should be postponed to allow publication remains contested, with a range of databases trying various latency or embargo periods from as soon as possible to 12 months. 119 An early challenge to the Bermuda Principles and open access through the Human Genome Project was the decision by Celera Genomics Corporation, and its chief Craig Venter, to independently sequence the human genome. 120 A key issue was whether the sequence data generated would be publicly available:
Venter acknowledges that he hears this question a lot. Business people ask where Celera's profits will come from, while dubious academics ask whether the business agenda is compatible with collegial sharing of data. Venter -never one to mince words -responds that the questioners just "don't get it". Celera must succeed in two worlds, he said in a recent interview: "The scientific community thinks this is just a business project, and the business community thinks it's just a science project. The reality is, it's both". The "business model only works if [we do] absolutely world-class science", Venter explains, "and the science model only works if it's world-class business". In his view, he is implementing a "radical change" in biology, an approach that enjoys "the best of both worlds" -private funding and academic freedom. As a result, he says, he will be working more openly than most companies or academic labs, for both the science and the finances will be open to scrutiny: "Everything will be out in the open". This, Venter insists, "is the opposite of secret". 121 The Celera Genomics Corporation business model was to charge a fee for early access to its sequence data and then "to patent several hundred human genes and a large set of human single nucleotide polymorphisms for use in individually tailored medicine". 122 The remaining issue was how the sequence data was to be made publicly available, and whether this included depositing the data in the publicly available databases of GenBank, EMBL-EBI and the DDBJ. 123 Initially Celera Genomics Corporation proposed releasing the data on its own website. 124 To get its research published, however, it entered into negotiations with the journal Science and eventually agreed that its data would be available from its own website for free only if it was agreed not to redistribute the data or commercialise the data, and any commercialisation required another negotiated agreement. 125 Years later when Celera Genomics Corporation's business, under the new owner Applera Corporation, moved into drug discovery, the sequence information was of less value to the business and all the data was provided to GenBank. 126 The significance of this series of events involving Celera Genomics Corporation was to confirm that the Bermuda Principles and open access are not absolute, and that journals against their stated policies can and do make concessions to non-open access sequence databases to maintain confidentiality. Notably this was repeated with the rice genome sequence being published separately on the Syngenta Corporation website. 127 These limitations, however, appear as exceptions to a generality of favouring open access.
The effect of the Human Genome Project was the modified Bermuda Principles that essentially required pre-publication as soon as possible and "respect" for the sequence producers in using the database materials. Despite this broad agreement, at the time there remained concerns that sequence producers did not have sufficient time to publish about their sequences. 128 As set out above, this has been addressed through allowing some delay to enable publication. Further, there has been recognition of the need for privacy for some human sequences.
OTHER RECENT DEVELOPMENTS
In addition to the GenBank, EMBL-EBI and DDBJ databases, there has been a proliferation of alternative and independent specialised sequence databases, now numbering in the hundreds, 129 directed to particular model organisms, gene groupings, diseases and so on. 130 With the GenBank, EMBL-EBI and DDBJ databases absolving themselves of responsibility for assessing the ownership, conditions of use and privacy, 131 these other databases and funding and research organisations have started to develop specific policies and regulations. 132 The most significant recent development has been the need to respect personal privacy and confidentiality. The concern is that sequence data in some forms (and particularly whole genome sequences) can be used to identify individuals. 133 GenBank addresses this concern superficially: "If you are submitting human sequences to GenBank, do not include any data that could reveal the personal identity of the source." 134 Some of these other databases have provided a more sophisticated approach with restrictions on using the databases. 135 For example, the database of Genotypes and Phenotypes (dbGaP) 136 is subject to the 2007 NIH Policy for Sharing of Data Obtained in NIH Supported or Conducted Genome-Wide Association Studies (GWAS Policy). 137 dbGaP was developed to archive and distribute the results of studies that have investigated the interaction of genotype and phenotype, including sequence data. 138 The NIH GWAS Policy established a framework for ensuring data submitted to dbGaP was de-identified and that sharing genome-wide association studies data from dbGaP relied on a two-tiered system of unrestricted (summary-level information and aggregate genotype data) or controlled access (individual-level genotypes and phenotypes); data sets are only released according to the level of consent that has been provided and there is ongoing oversight of the uses of the accessed data. 139 More recently in 2014 the National Institutes of Health Genomic Data Sharing Policy distinguished between human and non-human data. 140 As a generalisation, the expectation is that non-human sequence data will be made "publicly available" no later than the date of initial publication through "any widely used data repository", 141 and de-identified human sequence data must be deposited with "an NIH-designated data repository" and will be "released" on the first of either six months after submission or publication. 142 A two-tiered system of release, however, is applied to human sequence data distinguishing between unrestricted and controlled data access mechanisms:
Respect for, and protection of the interests of, research participants are fundamental to NIH's stewardship of human genomic data. The informed consent under which the data or samples were collected is the basis for the submitting institution to determine the appropriateness of data submission to NIH-designated data repositories, and whether the data should be available through unrestricted or controlled access. Controlled-access data in NIH-designated data repositories are made available for secondary research only after investigators have obtained approval from NIH to use the requested data for a particular project. Data in unrestricted-access repositories are publicly available to anyone. 143 The controlled data are submitted according to the terms of an "Institutional Certification" that addresses whether the data collection complies with laws and regulation (including cultural norms and institutional policies), informed consent, and that the data was appropriately collected. 144 Where access is sought to controlled data the request is considered by an NIH Data Access Committee to confirm compliance with the terms of the "Institutional Certification" (particularly the terms of 133 consent) and then used according to a "Data Use Certification". 145 The "Data Use Certification" imposes obligations on the users to: protect data confidentiality; comply with laws and regulation (including cultural norms and institutional policies); not identify individual participants from their data; not sell the data; not share the data; and provide reports about data use. 146 And while "the NIH discourages the use of patents to prevent the use of or to block access to genomic or genotype-phenotype data developed with NIH support", it does "encourage[] patenting of technology suitable for subsequent private investment that may lead to the development of products that address public needs without impeding research". 147 The other major development has been the Organisation for Economic Co-operation and Development (OECD) Committee on Scientific and Technology Policy meeting at ministerial level adopting the Declaration on Access to Research Data from Public Funding in 2004. 148 As required by the Declaration, the OECD administration developed and released in 2007 the OECD Principles and Guidelines for Access to Research Data from Public Funding with the objective, in part, of "[p]romot[ing] a culture of openness and sharing of research data among the public research communities within member countries and beyond" and "provid[ing] a commonly agreed upon framework of operational principles for the establishment of research data access arrangements in member countries". 149 The various OECD members have implemented these principles and guidelines to varying degrees and generally require research data and publications to be made publicly available.
There has also been a massive expansion in the numbers of databases for specific collections of DNA, RNA and amino acid sequences with some specific rules developing for some disciplines. For example, the Principles for Proteomic Data Release and Sharing (also known colloquially as the "Amsterdam Principles 2008") were developed among members of the international proteomics community to address the lack of policies dealing with the rapid release of large-scale proteomic data into the public domain. 150 The outcome was a number of principles:
1. Timing. The timing with which proteomic data is released into the public domain should depend on the nature of the effort generating the data and should take into account the legitimate concerns of data producers … that data generated by individual investigators should be released into the public domain at the latest upon publication while data generated by community resource projects should be released upon generation following appropriate [quality assurance and control] procedures. 2. Comprehensiveness. For data to be valuable to the proteomics community and other interested scientists, they must be released in a format that, as comprehensively as possible, captures the results of an experiment and the conditions under which the experiment was run … 3. Format. Open access to proteomic data requires community-supported standardized formats, controlled vocabularies, reasonable reporting requirements, and publicly available central repositories. 4. Deposition to repositories. Central repositories should make it attractive for depositors to use them … 5. Quality metrics. Central repositories should develop threshold metrics for assessing data quality … 6. Responsibility. Scientists, funding agencies, and journals share a joint responsibility for ensuring that all parties adhere to community standards for data release. More recently, the Toronto 2009 Data Release Workshop developed some "best practices", including a statement, providing in part:
1. Rapid pre-publication data release should be encouraged for projects with the following attributes: large-scale …; broad utility; creating reference datasets; associated with community buy-in … 2. Funding agencies should facilitate the specification of data release policies for relevant projects … 3. Data producers should state their intentions and enable analyses of their data … 4. Data analysts/users should freely analyze released pre-publication data and act responsibly in publishing analyses of those data.
5. Scientific journal editors should engage the research community about issues related to pre-publication data release and provide guidance to authors and reviewers on the third-party use of pre-publication data in manuscripts. 152
More concrete advice was provided in the form of a table (see Table 1 ). These developments illustrate that there is an imperative for open access, while recognising that limitations may be justified in some circumstances, such as where credit and attribution are sought or privacy protections are necessary. Under the CBD's Clearing House Mechanism (including the Nagoya Protocol's Benefit-sharing Clearing-House) and the Plant Treaty's GLIS, there are, as yet, no specific arrangements for dealing with DNA, RNA and amino acid sequences. It is clear, however, that realising the CBD and Plant Treaty obligations is through a network of existing resources. 165 These existing resources, and a number of evolving frameworks dealing with information about genetic resources including sequence data and information, include the Global Biodiversity Informatics Outlook, 166 Digital Seed Bank, 167 European Network of Gene Banks (Eurisco), 168 Gateway to Genetic Resources (GenSys), 169 World Information Sharing Mechanism for the implementation of the Global Plan of Action (WISM-GPA), 170 Germplasm Resource Information Network (GRIN-Global) 171 and Diversity Seek (DivSeek). 172 The challenge for both the CBD's Clearing House Mechanism (including the Nagoya Protocol's Benefit-sharing Clearing-House) and the Plant Treaty's GLIS will be developing coherent listings of what is maintained in the databases and websites, and permanent unique identifiers to be able to distinguish what has been stored. 173 Under both the CBD's Clearing House Mechanism (and the Nagoya Protocol's Benefit-sharing Clearing-House) and Plant Treaty's GLIS, the problem of open access to DNA, RNA and amino acid sequences and ABS has not been addressed, 174 although this may be expected soon.
TABLE 1 Examples of Pre-publication Data Release Guidelines for Different Project Types
Meanwhile the PIP Framework provides for sharing samples of "influenza viruses with human pandemic potential", 175 including human clinical specimens, influenza virus isolates, extracted RNA, cDNA, and influenza candidate vaccine viruses. 176 These materials are shared with a WHO co-ordinated network of laboratories, 177 with an obligation to share "[g]enetic sequence data and analyses arising from that data", 178 and recognising "that greater transparency and access concerning influenza virus genetic sequence data is important to public health" and that "there is a movement towards the use of public domain or public access databases such as GenBank and [the Global Initiative on Sharing Avian Influenza Data (GISAID) databases]". 179 The WHO co-ordinated network of laboratories involved in sharing the viruses are engaged with terms of reference 180 that require that each laboratory "submit genetic sequence data to GISAID and GenBank or similar database in a timely manner consistent with the [SMTA]". 181 GISAID is a consortium of existing networks within the international scientific community that has agreed to share their sequence data deposited in GenBank, EMBL and the DDBJ as soon as possible after analysis and validation, and with a maximum delay of six months. 182 Like the CBD and Plant Treaty, sharing data and information under the PIP Framework is considered to be a part of the PIP Benefit Sharing System through making sequences available as part of pandemic surveillance and risk assessment. 183 At the time the PIP Framework was negotiated, it was appreciated that sequence data might be used independently of the physical sample to synthesise candidate vaccine viruses, virus proteins and antibodies. 184 While under the PIP Framework there already exists a means for tracking physical samples through the Influenza Virus Traceability Mechanism 185 -the challenge has been to find processes that track uses of the sequences where physical samples have not been provided. This has started with the PIP Framework expressly providing for the Director-General to consult the Pandemic Influenza Preparedness (PIP) Framework Advisory Group, 186 and they in turn have convened the Technical Expert Working Group (TEWG) on Genetic Sequence Data. 187 The outcome of this technical group so far has been to identify some key elements in any process:
• Industry stated its concern that placing restrictions on the access/use of genetic sequence data would delay development of pandemic products.
• Industry indicated that assuring the sharing of benefits associated with the use of genetic sequence data might be better approached through the monitoring of products derived from the use of genetic sequence data.
• Industry and other stakeholders raised the issue of potential biosecurity/biosafety risks related to use of genetic sequence data. 188 Most recently the Advisory Group has started to consider the optimal characteristics of a sequence-sharing system under the PIP Framework 189 and recommended that future work specifically address how sequence data is used under the PIP Framework consistent with its identified key elements. 190 At this stage, there has been some consideration of how sequence data might be addressed, including: • Notwithstanding, there are other potential mechanisms that could be developed to monitor the use of [genetic sequence data], such as processes related to influenza-related products (eg regulatory approval files and patent applications). 191 In advancing these considerations, the Advisory Group considered that "[t]he objective of benefit-sharing may be met by mechanisms related to monitoring products generated using influenza [genetic sequence data], rather than by monitoring use of [genetic sequence data] and/or tracing [genetic sequence data], noting that source identification is critical". 192 The work continues with the development of a search engine to monitor the use of genetic sequence data in end products, a review of existing data-sharing systems and the development of an options paper on monitoring the use of sequence data in end products. 193 As this analysis shows, the favoured method appears, at this stage at least, to be monitoring and tracing the use of sequence data in end products. 194 
DISCUSSION
This article has traced the evolution of open access to DNA, RNA and amino acid sequences and showed that the open access project has been incredibly successful in enabling broad access to valuable DNA, RNA and amino acid sequence data and information. 195 So far the key concerns have been the professional dilemmas about sharing data 196 and respecting the privacy of human subjects contributing the data. 197 Despite the apparent success of open access, however, the article has also shown that the ideals of open access have been negotiable with Celera Genomics Corporation restricting their Human Genome Project sequence data for commercial reasons and still gaining all the benefits of publishing their research in reputable international journals. 198 Most significantly, however, this article has shown that the use of GenBank, EMBL-EBI and DDBJ is not free of charge and without restrictions (gratis), 199 but rather is subject to some limits on how the accessed data and information might be used (libre). So, for example, NCBI (the host of GenBank) states that it "cannot provide comment or unrestricted permission concerning the use, copying, or distribution of the [data 191 PIP Framework Advisory Group TEWG, n 183, 12. and] information contained in GenBank". 200 NCBI also states that "[a]ll persons reproducing, redistributing, or making commercial use of this information are expected to adhere to the terms and conditions asserted by the copyright holder". 201 The effect of this policy position is that those using GenBank (and EMBL-EBI and DDBJ) data and information are required to determine the pedigree and freedom to operate for any uses they might make of these databases, and the data and information derived from those databases. This distinction between gratis and libre open access is important and provides a possible avenue to the apparent conflict between open access to DNA, RNA and amino acid sequence data and ABS regulatory schemes.
The article has asserted that benefit sharing under the CBD (and its Nagoya Protocol), the Plant Treaty and the PIP Framework faces a problem because data and information can be used without necessarily controlling access to the physical sample. So far this has only been a problem for ABS under the PIP Framework where vaccine production using only sequence data without access to a physical sample has been demonstrated. 202 For example, an avian influenza A(H7N9) virus vaccine has been produced using virus-like particles derived from biochemically synthesised viral DNA sequences. 203 This example demonstrates that by using only the DNA, RNA and amino acid sequence data accessed from databases such as GenBank and GISAID, the PIP Framework ABS arrangements involving a SMTA and benefit sharing can be avoided. This is, as the PIP Framework Advisory Group accepts, 204 a problem for ABS under the PIP Framework, 205 and their proposed solution is to monitor and trace the exploitation of sequence data in end products. 206 The details about how this might be achieved continue to be addressed under the PIP Framework. 207 For this article's purposes, however, this demonstrates that DNA, RNA and amino acid sequence data accessed from databases does present a problem for ABS schemes under the PIP Framework, and that the same or a similar problem is likely under the CBD (and its Nagoya Protocol) and the Plant Treaty. 208 It must also be assessed as to whether DNA, RNA and amino acid sequence data can be exploited and information monitored and traced in end products. The automated detection of misappropriated DNA, RNA and amino acid sequence data is not quite as simple as it might first appear. A study interrogating patent applications using informatics techniques for evidence of the use of plant genetic resources derived from plants covered under the Plant Treaty demonstrated that monitoring and tracing is possible. 209 The study used text mining to interrogate patent databases for key data, such as varieties, accession codes and for UPOV (International Union for the Protection of New Varieties of Plants) variety denomination names. 210 Despite findings mired by "large-scale problems with noise" and not being able to "establish a clear linkage between plant germplasm in public collections and patent data", the study concluded that the informatics techniques were feasible when refined and could identify plant genetic resources in commercial research and development. 211 The study is a salient proof-of-concept, although not technologically simple, requiring sophisticated algorithms, computing power and large-scale manual data cleaning to produce coherent results. 212 At best the study probably suggests that informatics techniques can narrow the field to suspicious patent applications, from which point further detailed scrutiny would be required to determine the particular contributions. And while there is an ongoing debate about including disclosure requirements in patent applications that could assist this monitoring and tracing DNA, RNA and amino acid sequence data, 213 patent databases are only a small portion of potential uses of sequence data. The other places and forms using sequence data make monitoring and tracing very complicated. 214 For example, the use of genetic derivatives, such as sequences altered for codon preferences in the preparation of an avian influenza A(H7N9) virus vaccine using virus-like particles derived from biochemically synthesised viral DNA sequences in an insect cell culture, 215 may be especially difficult to detect. Despite the potential for monitoring and tracing exploited sequence data in end products this does not seem to be a simple or complete solution.
There are other ways of monitoring and tracing the use of DNA, RNA and amino acid sequence data that impose obligations on those using sequences from publicly accessible databases like GenBank, EMBI-EBI and DDBJ to comply with ABS obligations consistent with the CBD (and its Nagoya Protocol), the Plant Treaty and the PIP Framework: (a) The contract model -Each of the CBD (and its Nagoya Protocol), the Plant Treaty and PIP Framework adopts a contract model for ABS requiring a binding agreement between the provider of the materials and the users. 216 The terms and conditions of these agreements could impose binding obligations requiring users (and subsequent users where those terms and conditions are passed on) to disclose or report on their uses of the supplied materials, including the non-material uses. The terms and conditions would need to build in incentives and penalties to promote benefit sharing and avoid uses of the materials contrary to the ABS obligations. A relatively easy option would be to require those submitting DNA, RNA and amino acid sequences to databases to assert conditions on the submission that the samples are made available subject to restricted permission concerning the use, copying, or distribution of the data and information obtained from the database, and requiring those exploiting the sequence for commercial purposes to seek specific permissions that address ABS. (b) The copyright and database right model -Sequencing DNA, RNA and amino acids requires the documentation of the sequence in a material form and this may mean copyright subsists in the written representation of the sequence under copyright laws 217 and database laws. 218 Whether copyright subsists in scientific discoveries and facts (like sequence data in GenBank, EMBL-EBI and DDBJ) remains uncertain, although the preferable view is probably that these data will not be copyright protected. 219 Where copyright and database rights do not apply to the sequence data and information, this may be addressed by changing the form of expression, such as adopting a music format 220 or including watermarking. 221 Where a copyright or a database right exists, this prevents another copying without the permission of the rights holder subject to some exceptions. The rights holder would then need to make it easy for those seeking permission and set out the clear terms and conditions of permission. Again, a relatively easy option would be to restrict permission concerning the use, copying, or distribution of the data and information obtained from the database, and requiring those exploiting the sequence for commercial purposes to seek specific permissions that address ABS. Any use of the sequence without the permission of the copyright or database right holder will be an infringement and subject to an action for damages, and so on. There seems little doubt, however, that developments in science and technology are rapidly advancing and that increasingly the DNA, RNA and amino acid sequence data and information accessed from databases can be used without the physical sample. 222 This does mean that open access to DNA, RNA and amino acid sequences can undermine the ABS schemes set out in the CBD and Nagoya Protocol, Plant Treaty and PIP Framework. None of the proposed solutions -monitoring and tracing favoured under the PIP Framework, the contract model, and the copyright and database right model -provides a perfect solution. Each model does, however, suggest that open access to these sequences might be at least partially reconciled with the benefit-sharing obligations under the CBD and Nagoya Protocol, Plant Treaty and PIP Framework. And this really goes to the heart of the broader problem -within the market there are competing claims for open access and contrary claims for maintaining secrecy. The challenge is, and will continue to be, finding a compromise that balances the needs of open access and fair and equitable benefit sharing.
